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Introduction
The formation of brittle coatings is of practical importance in a wide range of engineering applications, such as thermal barrier coatings, cutting tools, car windshields, dental restorations and protective coatings of nuclear fuel particle. Such coatings can profoundly influences the properties of a final product. Brittle coatings have a tolerance for wear and concentrated external loads, but are occasionally subjected to severe stress concentration. [1, 2] The damage of brittle coating leads to rapid loss of function and ultimate failure of the coating structure. For the brittle coating systems, the mechanical properties, including elastic modulus E, hardness H, wear resistance, and fracture strength, have been most widely studied using nanoindentation, tensile testing, bulge testing, and microbeam bending technique. [3] [4] [5] [6] [7] In some cases, innovative ways of measuring mechanical properties of brittle coatings are required. As a result, several specialized testing techniques have been developed and still further investigation is needed.
In this paper, we present the brief description of the testing methods and a case study of several brittle coatings structures, with a particular emphasis on recent developments. Titanium nitride and silicon carbide have been chosen for a case study, because TiN has excellent properties such as good wear resistance, high conductivity, high corrosion resistance, low friction coefficient, high conductivity, and a bright golden color and SiC has high strength and hardness, chemical inertness, and high temperature stability. [8] [9] [10] [11] The critical factors that induce failure of those brittle coatings have not been clearly identified yet. The opaque properties of the coating and substrate make it difficult to detect failure origin or critical load. In order to overcome the difficulty, transparent substrates were adopted therefore in situ observation of the failure initiation and propagation was enabled. Also recently developed trilayer testing method, devised to measure the strength of brittle thin coatings was used to characterize the strength of SiC. Furthermore nanoindentation probe technique was adopted to investigate not only elastic modulus and hardness but also indentation induced pop-in and pop-out behavior of brittle coatings. [12] We demonstrate that the failure origin of coated structure is related to the yielding of the substrate and the well-deposited structure is of importance to fabricate high strength coated structure. Finally, a detailed investigation of nanoindentation on coated structure gives the clue of coating failure.
Materials and Methods
Sapphire of the ) 0 2 11 ( _ plane was prepared as a substrate for TiN coating deposition. The surface of the sapphire was polished to 1μ m finish and TiN was deposited by cathodic arc ion plating. The substrate holder was heated to 440°C and Ti ion cleaning continued for 10 min. Working pressure was maintained at 7.3 x 10 -3 torr during deposition. The substrate holder was rotated at 5 rpm for uniform TiN coating. The structure of TiN was analyzed by scanning election microscopy, and its cross-sectional images are shown in Fig 1(a) .
The in situ observation equipment was prepared for observing the fracture sequence of TiN coated sapphire during scratch tests and static normal indentations. Figure 2 (a) provides a schematic illustration of the testing configuration. Scratch tests (CSEM, CSEM Inc., Swiss) were conducted on the TiN-coated sapphire using a diamond cone indenter with a radius of r = 200 µm. The specimen were moved laterally at 10 mm/min. During loading and unloading, the fracture sequence was recorded on video tape. Also the mechanical properties of a sapphire substrate were evaluated by nanoindentation (Triboscope, Hysitron Inc., MN, USA) with a Berkovich tip of 100 nm curvature. The maximum load was applied up to 10 mN.
Silicon carbide was deposited onto the graphite buffer layer. The polycrystalline silicon carbide coating was deposited by a conventional hot-wall type low pressure chemical vapor deposition system. The source gas was methylthrichlorosilane(MTS) and hydrogen was used for dilution and controlling the concentration of the source gas. MTS and H 2 were mixed with a ratio of 5:1, and the total flow rate was fixed as 800 sccm. The pressure of a reaction chamber was maintained at 20 torr, and the deposition temperature was 1300 o C. The thickness of coating was controlled by changing deposition time from 30 min to 3 hours. The microstructure was observed via scanning electron microscopy and typical structure was shown in Fig 1(b) . The surface of the silicon carbide was polished down to 1 µm diamond slurry to eliminate large flaws or defects. The polished silicon carbide deposited onto the graphite layer was bonded to the polycarbonate substrate, and trilayer was prepared.
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Innovation in Ceramic Science and Engineering The top surface of the prepared trilayers was indented with a tungsten carbide sphere (r = 3.96 mm) mounted on the crosshead of a universal testing machine (Model 4400R, Instron Inc,, MA, USA). As the substrate and epoxy glue were transparent, the failure of the coating layer was monitored from through the substrate using a zoom optics coupled with a video recorder. The critical load for coating failure was recorded and the strength was calculated by applying trilayer equation. The detailed procedure is well-documented in the previous study. [9] The elastic modulus and hardness was determined by a nanoindenter system (NanoTester, MML, Wrexham, UK). Also pop-in and pop-out events were tracked from load displacement curve. The schematic illustration of all testing method used in this study is shown in Fig. 2 .
Results and Discussion
Scratch testing. Fig. 3(a) shows a snapshot of video clips during a scratch test of 700 nm thick TiN film on sapphire using a diamond cone indenter with a tip radius of 200 µm. In situ observation of the fracture enables us to detect the initiation and propagation of cracking at the subsurface region. The dark circle indicates the contact area of the diamond indenter on the specimen surface. As shown in Fig. 3(a) , a linear defect generated firstly at the load of 16.6 N, then the specimen reached delamination of the coating. As a result of the observation, the linear defect seems to appear on the surface of sapphire substrate prior to the delamination of TiN film. The linear defect appears to play a crucial role in the failure of TiN film. Sets of static normal indentation were conducted on the same TiN coated sapphire for comparison with the scarth tests. As the indentation load increases, the contact area increases. The first linear defect is initiated at 13.6 N and its feature is very similar to the defect that appeared in the former scratch test in Fig. 3(a) . Another linear defect is produced and propagated in the opposite direction at higher load 21.8 N. Finally, immediately after the complete removal of the load, delamination of the TiN coating occurs with the shape of a semi-circle along the linear defect. The static indentation response on TiN coated sapphire corresponded fairly well with the results of the scratch testing. The value of critical loads to induce a linear defect on the sapphire substrate and the failure sequences show similar trends. In both the scratch tests and the static indentations, the linear defects on the sapphire substrate played a critical role in the failure of TiN coating on sapphire.
In order to identify the linear defect appeared on the sapphire substrate, the plastic deformation by twinning in sapphire was considered. The linear defects on sapphire have been reported as twin defects. [13, 14] Several twin systems in sapphire have reported and rhombohedral and basal twinning were reported to be the most favorable twins in sapphire. Therefore we might think that linear defects appeared in the scratch test and the static indentation are twins. Trilayer testing. In this study, a trilayer equation was applied to compare four kinds of silicon carbide coatings which have different thicknesses. The thickness of SiC coating was changed by controlling deposition time. As a result, the average thickness of coating were 16.5, 20.5, 24.5, and 28.5 µm. As the indentation load is increased, the coating is subjected to flexural stress, and the star shaped cracking occurred at the bottom surface of coating. Inset of Fig 4 shows the typical crack morpholoy of SiC coating. Because SiC coating has isotropic microstructure, the direction of crack propagation is arbitrary. The crack is initiated due to the flexural stress of coating layer so that the critical load represents the strength of coating layer.
The strength of SiC coating for each thickness was determined from measuring the critical load and applying the trilayer equation. The strength result for each SiC coating was plotted in Fig. 4 . The SiC coating of thickness 16.5 µm has lowest strength, about 500 MPa. The others have higher strengths and its value is around 700 MPa. The strength of the coated SiC is in good agreement with the value of conventional chemical vapor deposited SiC, but thinner one shows slightly lower value.
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Innovation in Ceramic Science and Engineering This difference seems to be related to the formation of microstructure. The hot-wall CVD reaction shows fast deposition rate compared to the plasma-enhanced CVD reaction. In hot-wall type reactor, the deposition rate is high but the initial stage of nucleation and growth is not uniform. The evidence of the non-uniform microstructure development was reported by some researchers. [15] The cross-sectional observation by scanning electron microscopy and transmission electron microscopy of SiC coating shows that the microstructure near the interface between substrate and coating is not fully dense or not fully developed. Hence lower strength of thinner SiC coating can be explained by the non-uniform microstructure development during initial stage of deposition. In addition, Weibull plot for the strength of SiC coatings is shown in Fig. 4(b) . Unfilled data points represent the strength results of the thin SiC coatings and filled data points means the strength of the thick SiC coatings. In the terms of a statistical analysis, it is concluded that thin coatings have larger flaws on the surface, compared to thick coating. In addition, in order to fabricate high strength and reliable SiC coating, the thickness should be controlled larger than 20 µm.
Nanoindentation. The contact induced response of the sapphire substrate was investigated by nanoindentation with a Berkovich tip of 100 nm curvature. The indentation carried out in three steps, loading, holding, and unloading. Figure 5 (a) shows load displacement curve during nanoindentation. A peculiar feature known as pop-in was detected in the curve at 2.5 and again at 5.7 mN. These pop-in behavior were induced by twinning or cracking. However no cracking was observed in Fig. 5(a) . Hence, the pop-ins were induced by twins of sapphire, particularly rhombohedral and basal twinning, which are reported as the most favorable twins requiring the lowest resolved shear stress. Fig. 5(b) shows backscattered electron microscopy image of Berkovich indentations for SiC coatings in high load range. In silicon carbide, it shows similar pop-in behavior during loading schedule. In contrast to TiN, the pop-in behavior of SiC is due to cracking of the coating. Inset image of Fig 5(b) shows clear trace of cracking at the edge of triangular impression. This median type crack occurs around 70 mN. Several indentations were conducted on same specimen, but some of load displacement curve does not show any pop-in or pop-out behavior through entire schedule. The nature of flaw distribution on the coating surface might be the reason for different failure mode.
Summary
The mechanical testing methods for the brittle coating structure were briefly introduced. The scratch in conjunction with in situ observation equipment enables to evaluate not only the wear and adhesion properties but also the origin of failure. Recently developed trilayer testing method provides the tool for measuring the strength of coatings with simple and economic way. Also nanoindentaion techniques can be used to detect plastic deformation, such as twinning and cracking of the coating. TiN and SiC were used as a case study. In conclusion, the failure of TiN coating is originated from the failure of the substrate and the thickness of SiC coating fabricated by CVD method should be larger than 20 µm for the mechanical reliability.
